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Recording molecular movies on ultrafast timescales has been a longstanding goal for unravelling
detailed information about molecular dynamics. We present the direct experimental recording of
very-high-resolution and -fidelity molecular movies over more than one-and-a-half periods of the
laser-induced rotational dynamics of carbonylsulfide (OCS) molecules. Utilising the combination of
single quantum-state selection and an optimised two-pulse sequence to create a tailored rotational
wavepacket, an unprecedented degree of field-free alignment,
〈
cos2θ2D
〉
= 0.96 (
〈
cos2θ
〉
= 0.94) was
achieved, exceeding the theoretical limit for single-pulse alignment. The very rich experimentally
observed quantum dynamics is fully recovered by the angular probability distribution obtained from
solutions of the time-dependent Schrödinger equation with parameters refined against the experiment.
The populations and phases of rotational states in the retrieved time-dependent three-dimensional
wavepacket rationalised the observed very high degree of alignment.
The filming of nuclear motion during molecular dy-
namics at relevant timescales, dubbed the “molecular
movie”, has been a longstanding dream in the molecu-
lar sciences [1, 2]. Recent experimental advances with
x-ray-free-electron lasers and ultrashort-pulse electron
guns have provided first glimpses of intrinsic molecular
structures [3–5] and dynamics [2, 6, 7]. However, de-
spite the spectacular progress, the fidelity of the recorded
movies, in comparison to the investigated dynamics, was
limited so far. Especially for high-precision studies of
small molecules, typically only distances between a few
atoms were determined [4, 5, 7].
Rotational quantum dynamics of isolated molecules pro-
vides an interesting and important testbed that provides
and requires direct access to angular coordinates. Further-
more, different from most molecular processes, it can be
practically exactly described by current numerical meth-
ods, even for complex molecules. Rotational wavepackets
were produced through the interaction of the molecule
with short laser pulses [8–10], which couple different rota-
tional states through stimulated Raman transitions. The
resulting dynamics were observed, for instance, by time-
delayed Coulomb-explosion ion imaging [9, 11, 12], photo-
electron imaging [13], or ultrafast electron diffraction [14].
The rotational wavepackets were exploited to connect
the molecular and laboratory frames through strong-field
alignment [9, 10] and mixed-field orientation [15, 16], as
well as for the determination of molecular-structure in-
formation in rotational-coherence spectroscopy [17, 18].
Coherent rotational wavepacket manipulation using multi-
ple pulses [19] or appropriate turn-on and -off timing [20]
allowed enhanced or diminished rephasing, and it was
suggested as a realisation of quantum computing [19].
Furthermore, methods for rotational-wavepacket recon-
struction of linear molecules [21] and for benzene [22]
were reported.
Here, we demonstrate the direct experimental high-
resolution imaging of the time-dependent angular
probability-density distribution of a rotational wavepacket
and its reconstruction in terms of the populations and
phases of field-free rotor states. Utilising a state-selected
molecular sample and an optimised two-laser-pulse se-
quence, a broad phase-locked rotational wavepacket was
created. Using mid-infrared-laser strong-field ionisation
and Coulomb-explosion ion imaging, an unprecedented
degree of field-free alignment of
〈
cos2θ2D
〉
= 0.96, or〈
cos2θ
〉
= 0.94, was obtained at the full revivals, whereas
in between a rich angular dynamics was observed with
very high resolution, from which the complete wavepacket
could be uniquely reconstructed. While the dynamics has
low dimensionality, The resulting — purely experimen-
tally obtained — movie provides a most direct realisation
of the envisioned “molecular movie”. We point out that
the data also is a measurement of a complete quantum
carpet [23].
In order to achieve such a high degree of alignment,
better than the theoretical maximum of
〈
cos2θ
〉
= 0.92
for single-pulse alignment [24, 25], we performed a
pump-probe experiment with ground-state-selected OCS
molecules [26], with > 80 % purity, as a showcase. Two
off-resonant near-IR pump pulses of 800 nm central wave-
length, separated by 38.1 (1) ps and with a pulse duration
of 250 fs, i. e., much shorter than the rotational period
of OCS of 82.2 ps, were used to create the rotational
wavepacket. These pulses were linearly polarised parallel
to the detector plane. The probe pulse with a central
wavelength of 1.75 µm was polarised perpendicularly to
the detector plane to minimise the effects of geometric
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FIG. 1. Rotational clock depicting the molecular
movie of the observed quantum dynamics. Individual
experimental VMI images of O+ ion-momentum distributions
depicting snapshots of the rotational wavepacket over one
full period. The displayed data was recorded from the first
(prompt) revival at 38.57 ps (0) to the first full revival at
120.78 ps (2pi); the phase-evolution of pi/12 between images
corresponds to ∼3.43 ps and the exact delay times of the
individual images are specified. Full movies are available as
part of the Supplementary Information.
alignment and ensures that the observed degree of align-
ment was a lower boundary of the real value. The probe
pulse multiply ionised the molecules, resulting in Coulomb
explosion into ionic fragments. 2D ion-momentum distri-
butions of O+ fragments, which reflect the orientation of
the molecules in space at the instance of ionisation, were
recorded by a velocity map imaging (VMI) spectrome-
ter [27] for different time delays between the alignment
pulse sequence and the probe pulse. Further details of
the experimental setup are presented in Methods.
In Fig. 1 snapshots of the experimentally recorded
molecular movie, i. e., 2D ion-momentum distributions,
are shown for several probe times covering a whole ro-
tational period. The phase of 0 and 2pi correspond to
t = 38.57 ps and 120.78 ps after the peak of the first
alignment laser pulse at t = 0, respectively. The sim-
plest snapshot-images, reflecting an unprecedented degree
of field-free alignment
〈
cos2θ2D
〉
= 0.96, were obtained
for the alignment revivals at phases of 0 and 2pi, which
correspond to the prompt alignment and its revival re-
garding the second laser pulse. Here, the molecular axes
are preferentially aligned along the alignment-laser po-
larisation. For the anti-alignment at a phase of pi the
molecules are preferentially aligned in a plane perpendic-
ular to the alignment laser polarisation direction. Simple
quadrupolar structures are observed at pi/2 and 3pi/2. At
intermediate times, e. g., at pi/3 or 7pi/12, the images
display rich angular structures, which could be observed
due to the high angular experimental resolution of the
recorded movie, which is 4 ◦ as derived in the Supplemen-
tary Information. This rich structure directly reflects the
strongly quantum-state selected initial sample exploited
in these measurements, whereas the structure would be
largely lost in the summation of wavepackets from even a
few initially populated states.
The dynamics was analysed as follows: Through the
interaction of the molecular ensemble with the alignment
laser pulses, a coherent wavepacket was created from
each of the initially populated rotational states. These
wavepackets were expressed as a coherent superposition
of eigenfunctions of the field-free rotational Hamiltonian,
i. e.,
Ψ(θ, φ, t) =
∑
J
aJ(t)Y
M
J (θ, φ), (1)
with the time-dependent complex amplitudes aJ(t), the
spherical harmonics YMJ (θ, φ), the quantum number of
angular momentum J , and its projection M onto the
laboratory-fixed axis defined by the laser polarisation.
We note that M was conserved and thus no φ dependence
existed. The angular distribution is defined as the sum
of the squared moduli of all Ψ(θ, φ, t) weighted by the
initial-state populations.
The degree of alignment was extracted from the VMI
images using the commonly utilised expectation value〈
cos2θ2D
〉
. The maximum value observed at the align-
ment revival reached 0.96, which, to the best of our knowl-
edge, is the highest degree of field-free alignment achieved
to date. Comparing the angular distributions at different
delay times with the degree of alignment
〈
cos2θ2D
〉
, see
Fig. S4 in the Supplementary Information, we observed
the same degree of alignment for angular distributions
that are in fact very different from each other. This high-
lights that much more information is contained in the
angular distributions than in the commonly utilised ex-
pectation value [10]. Indeed,
〈
cos2θ2D
〉
merely describes
the leading term in an expansion of the angular distri-
bution, for instance, in terms of Legendre polynomials,
see (1) in the Supplementary Information. In order to
fully characterise the angular distribution a description in
terms of a polynomial series is necessary that involves the
same maximum order as the maximum angular momen-
tum Jmax of the populated rotational eigenstates, which
corresponds to, at most, 2Jmax lobes in the momentum
maps.
As the probe laser is polarised perpendicularly to the
detector plane, the cylindrical symmetry as generated by
the alignment-laser polarisation was broken and an Abel
inversion to retrieve the 3D angular distribution directly
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FIG. 2. Decomposition of angular distributions into
their moments. a Comparison of the decomposition of the
experimental and theoretical angular distributions in terms of
Legendre polynomials. b Simulated and experimental angular-
distribution VMI images for selected times; the radial distribu-
tions in the simulations are extracted from the experimental
distribution at 120.78 ps, see text for details.
from the experimental VMI images was not possible. In
order to retrieve the complete 3D wavepacket, the time-
dependent Schrödinger equation (TDSE) was solved for a
rigid rotor coupled to a non-resonant ac electric field rep-
resenting the two laser pulses as well as the dc electric field
of the VMI spectrometer. For a direct comparison with
the experimental data the rotational wavepacket and thus
the 3D angular distribution was constructed and, using
a Monte-Carlo approach, projected onto a 2D screen us-
ing the radial distribution extracted from the experiment
at the alignment revival at 120.78 ps. The relation be-
tween the 3D rotational wavepacket and the 2D projected
density is graphically illustrated in Fig. S2 of the Supple-
mentary Information. The anisotropic angle-dependent
ionisation efficiency for double ionisation, resulting in
a two-body breakup into O+ and CS+ fragments, was
taken into account by approximating it by the square of
the measured single-electron ionisation rate. Non-axial
recoil during the fragmentation process is expected to be
negligible and was not included in the simulations.
The initial state distribution in the quantum-state se-
lected OCS sample as well as the interaction volume with
the alignment and probe lasers were not known a priori
and used as fitting parameters. For each set of parame-
ters the TDSE was solved and the 2D projection of the
rotational density, averaged over the initial state distribu-
tion and the interaction volume of the pump and probe
lasers, was carried out. The aforementioned expansion in
terms of Legendre polynomials was realised for the exper-
imental and simulated angular distributions and the best
fit was determined through least squares minimisation,
see Supplementary Information. Taking into account the
eight lowest even moments of the angular distribution
allowed to precisely reproduce the experimental angular
distribution. The results for the first four moments are
shown in Fig. 6 a; the full set is given in Fig. S3 in the
Supplementary Information as well as the optimal fitting
parameters. The overall agreement between experiment
and theory is excellent for all moments. Before the onset
of the second pulse, centred around t = 38.1 ps, the oscil-
latory structure in all moments is fairly slow compared
to later times, which reflects the correspondingly small
number of interfering states in the wavepacket before the
second pulse, and the large number thereafter.
Theoretical images, computed for the best fit param-
eters, are shown in Fig. 6 b; a full movie is provided
with the Supplementary Information. The theoretical
results are in excellent agreement with the measured
ion-momentum angular distributions at all times, see Sup-
plementary Information, and prove that we were able to
fully reconstruct the 3D rotational wavepacket with the
amplitudes and phases of all rotational states included.
In Fig. 3 a, the extracted rotational-state populations
are shown for the wavepacket created from the rotational
ground state after the first and the second alignment
laser pulse. It clearly shows that the rotational-state
distribution is broader after the second pulse, reaching
up to J ≥ 16. This also matches the convergence of
the Legendre-polynomial series, with eight even terms,
derived from the fit to the data above. In Fig. 3 b the
corresponding phase differences for all populated states
relative to the initial state with the largest population
in the wavepacket are shown, where φ(J) is the phase
of the complex coefficient aJ in (1). Combining these
populations and phases it became clear that the very
high degree of alignment after the second alignment pulse
arises from the combination of the broad distribution of
rotational states, reaching large angular momenta, and
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FIG. 3. Populations and phase differences in the ro-
tational wavepacket at alignment and anti-alignment
times
a Rotational-state populations and b phase-differences to the
phase of the state with largest population, J = 2, J = 6, re-
spectively, at the alignment revival following a single-pulse
excitation, 2.78 ps (blue dots), and the two-pulse excitation,
120.78 ps (red dots) as well as for the antialignment at 79.58 ps
(black dots, populations coincide with the red dots). Only
states with even angular momentum are populated due to the
Raman-transition selection rules ∆J = ±2.
the very strong and flat rephasing of all significantly
populated states at the revival at 120.78 ps, Fig. 3 b
(red). Similarly, the anti-alignment at 79.58 ps occurs
due to alternating phase differences of pi between adjacent
populated rotational states, Fig. 3 b (black).
In conclusion, we were able to record a high-resolution
molecular movie of the ultrafast coherent rotational mo-
tion of impulsively aligned OCS molecules. State-selection
and an optimised two-pulse sequence yielded an unprece-
dented degree of field-free alignment of
〈
cos2θ2D
〉
= 0.96,
with a very narrow angular confinement of 13.4 ◦ FWHM.
Limiting the analysis to a determination of
〈
cos2θ2D
〉
, as
it is common in experiments on time-dependent align-
ment, did not allow to capture the rich rotational dy-
namics, while the use of a polynomial expansion up to
an appropriate order did. We reconstructed the rota-
tional wavepacket, from which the complex coefficients
and, hence, the full information about the rotational
wavepacket under study was extracted. The 2D projec-
tion of the reconstructed rotational wavepacket allowed
a direct comparison with the experimentally measured
data.
Regarding the extension toward the investigation
of chemical dynamics, we point out that strong-field-
ionisation-induced Coulomb-explosion imaging can be
used, for instance, to image the configuration of chiral
molecules [28] or internal torsional dynamics [29]. Follow-
ing the dynamics of such processes with the detail and
quality presented here would directly yield a molecular
movie of the chemical and, possibly, chirality dynam-
ics [30]. Furthermore, the very high degree of field-free
alignment achieved here would be extremely useful for
stereochemistry studies [31, 32] as well as for molecular-
frame imaging experiments [4, 5, 14, 33–38].
METHODS
A cold molecular beam was formed by supersonic expan-
sion of a mixture of OCS (500 ppm) in helium, maintained
at a backing pressure of 90 bar from a pulsed Even-Lavie
valve [39] operated at 250 Hz. After passing two skimmers,
the collimated molecular beam entered the Stark deflector.
The beam was dispersed according to quantum state by
a strong inhomogeneous electric field [26] with a nominal
strength of ∼200 kV/cm. Through a movable third skim-
mer, the molecular beam entered the spectrometer. Here,
it was crossed at right angle by laser beams, where the
height of the laser beams allowed to probe state-selected
molecular ensembles, i. e., a practically pure rovibronic-
ground-state sample of OCS [16, 20, 40].
The laser setup consisted of a commercial Ti:Sapphire
laser system (KM labs) delivering pulses with 30 mJ pulse
energy, 35 fs (FWHM) pulse duration, and a central wave-
length of 800 nm at a 1 kHz repetition rate. One part
(20 mJ) of the laser output was used to pump a high-
energy tunable optical parametric amplifier (HE-TOPAS,
Light Conversion) to generate pulses with a central wave-
lengths of 1.75 µm, a pulse duration of 60 fs, and a pulse
energy of ∼1.5 mJ. 900 µJ of the remaining 800 nm laser
output was used for the laser-induced alignment, i. e.,
the generation of the investigated rotational wavepackets.
This beam was split into two parts with a 4:1 energy
ratio using a Mach-Zehnder interferometer. A motorised
delay stage in one beam path allowed for controlling the
delay between the two pulses. This delay was optimised
experimentally and maximum alignment was observed for
τexp = 38.1±0.1 ps, in perfect agreement with the theoret-
ically predicted τsim = 38.2 ps. The pulses were combined
collinearly and passed through a 2 cm long SF11 optical
glass to stretch them to 250 fs pulse duration (FWHM).
Then the alignment pulses were collinearly overlapped
with the 1.75 µm mid-infrared pulses using a dichroic
mirror. All pulses were focused into the velocity map
imaging spectrometer (VMI) using a 25 cm focal-distance
calcium fluoride lens.
5At the center of the VMI the state-selected molecular
beam and the laser beams crossed at right angle. Follow-
ing strong-field multiple ionisation of the molecules, the
generated charged fragments were projected by the VMI
onto a combined multichannel-plate (MCP) phosphor-
screen detector and read out by a CCD camera. The
angular resolution of the imaging system is 4 ◦, limited
by the 1 megapixel camera, see Supplementary Informa-
tion. 2D ion-momentum distributions of O+ fragments
were recorded as a function of the delay between the
800 nm pulses and the ionising 1.75 µm pulses in order
to characterise the angular distribution of the molecules
through Coulomb-explosion imaging. The polarisation
of the 800 nm alignment pulses was parallel to the de-
tector screen whereas that of the 1.75 µm ionising laser
was perpendicular in order to avoid geometric-alignment
effects in the angular distributions. For this geometry,
unfortunately, it was not possible to retrieve 3D distribu-
tions from an inverse Abel transform. 651 images were
recorded in steps of 193.4 fs, covering the time interval
from -0.7 ps up to 125 ps, which is more than one and a
half times the rotational period of OCS of 82.2 ps.
OPTIMISATION OF TWO-PULSE FIELD-FREE
ALIGNMENT
Optimisation calculations were performed in order to
predict the optimal pulse parameter for single and two-
pulse field-free alignment. In the simulations, the rota-
tional part of the Schrödinger equation for a linear rigid ro-
tor within the Born-Oppenheimer approximation coupled
to non-resonant ac alignment laser pulses and a static elec-
tric field, as provided by the VMI in the interaction region,
was used. The Hamiltonian of the system is described in
detail in reference [? ]. The global differential-evolution-
optimisation algorithm [? ] was used to calculate the
optimal alignment characterised through the expectation
value
〈
cos2θ
〉
in a closed-feedback-loop approach. The
optimisation parameters used were the intensities and
one common duration of Fourier-limited Gaussian pulses
and the delay between the pulses in the case of two-pulse
alignment. In the calculations a pure rotational ground
state ensemble was assumed and no integration over the
interaction volume was carried out. The former is jus-
tified as we know that the ground state contribution to
alignment is dominant and the exact experimental condi-
tions were not known a priori. Furthermore, exploiting
the electrostatic deflector, as in our experiment, almost
pure ground state ensembles can be prepared [26, 40].
Including also thermally excited rotational states lead to
an additional incoherent sum over all states present in the
initial distribution of rotational states and in general to a
decrease of the degree of alignment. The same holds for
the interaction volume of the laser since only molecules at
the center of the beam experience the optimal alignment
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FIG. 4. Optimised a, c 2D and b, d 3D field-free alignment
with a, b one and c, d two alignment pulses.
intensity while molecules at some distance from the center
interact with a lower field. In this sense the calculated
values constitute an upper limit for the alignment under
optimal conditions. Time-evolution curves of the optimal
two-dimensional (2D) and three-dimensional (3D) align-
ment are shown in Fig. 4. The results for the single pulse
optimisation yielded a pulse duration of 114.5 fs and a
maximum intensity of 5.6 TW/cm2. The corresponding
maximum degree of field-free 3D alignment was found to
be
〈
cos2θ
〉
= 0.92, which is in agreement with an upper
bound of 0.92 derived previously [25]; this corresponds to
a 2D degree of alignment of
〈
cos2θ2D
〉
= 0.95.
The optimal parameters for the case of two alignment
pulses were found to be a pulse duration of 273.4 fs, a
pulse separation between the two pulses of 38.2 ps, and
an intensity-ratio of ∼1 : 5 with the first pulse being
weaker than the second one, in agreement with previous
results [24? ]. The maximum intensity of the first pulse
was determined to be 1.93 TW/cm2 and that of the
second pulse 10 TW/cm2, which was the upper bound
of intensities included in the calculations since for higher
values at a wavelength of 800 nm a non-negligible amount
of ionisation of OCS sets in. The maximum degree of 3D
field-free alignment calculated with these parameters were〈
cos2θ
〉
= 0.99 and
〈
cos2θ2D
〉
= 0.99, substantially higher
than in the single pulse case. The experiment presented
in the main paper was performed under experimental
conditions approximating these optimised parameter. We
note that the optimal pulse separation was calculated
to be 38.2 ps, which was confirmed in the experiment,
for which a scan of the pulse separation yielded the best
alignment revival for 38.1± 0.1 ps.
MOMENTS OF ANGULAR DISTRIBUTION
There are several ways to expand the angular distribu-
tion of the wavepacket in a power series [? ], but a natural
basis consists of the Legendre polynomials, as for ∆M = 0
the eigenstates are independent of φ and the spherical
6harmonics simplify to Legendre polynomials. Only even
order polynomials appear in the expansion since for a
ground-state-selected ensemble the odd order moments
describe orientation of the molecular axes, which was not
present. The expansion takes on the form
P (θ2D, t) =
Jmax∑
k=0,k even
ak(t)Pk(cos θ2D) (2)
where the full time-dependent angular distribution is de-
noted as P (θ2D, t) and ak (k = 0, 2 . . . Jmax) are the ex-
pansion coefficients corresponding to the k-th Legendre
polynomial Pk; Jmax is the angular momentum quantum
number of the highest populated rotational state in the
wavepacket.
In order to characterise the initial state distribution of
rotational states in the molecular beam, the eight lowest
even-order moments of the experimental angular distri-
butions were fitted simultaneously using least squares
minimisation. For each moment, squared differences were
summed according to
χ2n =
∑
t
(〈P2n(cos θ2D)exp〉(t)− 〈P2n(cos θ2D)sim,vol〉(t))2 ,
(3)
where the sum runs over all measured delay times t and
n = 1 . . . 8. In order to compute 〈Pn(cos θ2D)sim,vol〉(t),
several steps were followed. First, the coherent wavepack-
ets, created through the interaction with the alignment
laser pulses, were for every initial state described in the
basis of field-free eigenstates as
ΨJi,Mi(θ, φ, t) =
∑
J
aJ(t)Y
Mi
J (θ, φ), aJ(t = 0) = δJJi ,
(4)
where aJ(t) = |aJ(t)|eiφJ (t) are time-dependent com-
plex coefficients with amplitude |aJ(t)|, phase φJ(t),
and initial condition aJ(t = 0) = δJJi , δJJi is the
Kronecker delta, obtained from the solution of the
time-dependent Schrödinger equation; YMJ (θ, φ) are the
spherical-harmonic functions and Ji,Mi are the quantum
numbers of the initial state from which the wavepacket
is formed. The sum runs only over J , since M was a
good quantum number due to cylindrical symmetry, as
imposed by the linear polarisation of the alignment laser,
and, hence, ∆M = 0 andM = Mi was conserved. Further-
more, the selection rules for transitions between different
rotational states were ∆J = ±2, since the population
transfer is achieved via non-resonant two-photon Raman
transitions. Moreover, the static VMI field was perpendic-
ular to the alignment laser polarisation and does not mix
different M states. Since more than one rotational state
were initially populated, the 3D rotational density was
obtained through the incoherent average with statistical
weights wJi,Mi
Psim,3D(θ, φ, t) =
∑
Ji,Mi
wJi,Mi p(θ) |ΨJi,Mi(θ, φ, t)|2 , (5)
which were not known a priori and used as fitting parame-
ters. The function p(θ) describes the angle-dependent ion-
isation probability, which was approximated through the
square of the measured angular-dependent single-electron
ionisation rate. Finally, a focal average over the inter-
action region with the alignment and probe laser beam
profiles, assumed to be Gaussian, was performed. The
average over intensities in the laser focus was calculated
through integration
〈Psim,3D(θ, φ, t)〉vol (t) =
=
1
N
∫ rmax
0
〈Psim,3D(θ, φ, Ialign(r), t)〉 e−2r2/w2probe rdr
(6)
with radius rmax at Ialign = 109 W/cm2 and N a normali-
sation factor. The dependence of the rotational wavepack-
ets on the alignment laser intensities is explicitly stated in
(6). The widths of the laser beams were also not known
a priori and were included as further fitting parameters.
The resulting focal- and initial-state-averaged 3D rota-
tional densities were projected onto a 2D plane using a
Monte-Carlo sampling routine, which included the exper-
imental radial distribution extracted at the full revival
at a delay time of 120.78 ps, yielding the simulated VMI
images in Fig. 2 in the main paper. The relation between
the 3D rotational density and the 2D projected density
is graphically illustrated in Fig. 5. The Legendre mo-
ments of the angular distribution were then extracted
from the 2D projected images and compared to exper-
iment through χ2n, as described in (3). The statistical
weights wJiMi of the initial state distribution and the laser
focal sizes were varied until
∑
n χ
2
n converged to its min-
imum. The individual populations determined through
the fitting procedure are w00 = 8.2 ·10−1, w10 = 3.7 ·10−2,
θ
x
y
z
x
z
θ2D
FIG. 5. Relation between the Euler angle θ, defining the
alignment of the molecular axis with respect to the pump laser
polarisation axis, and θ2D, corresponding to the angle between
the pump laser polarization and the detected ion-momentum
distribution on the 2D detector.
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FIG. 6. Even order moments 1 to 8 of the angular dis-
tribution a 〈P2(cos θ2D)〉, b 〈P4(cos θ2D)〉, c 〈P6(cos θ2D)〉,
d 〈P8(cos θ2D)〉 e 〈P10(cos θ2D)〉, f 〈P12(cos θ2D)〉, g
〈P14(cos θ2D)〉, h 〈P16(cos θ2D)〉.
w11 = 7.5 · 10−2, w20 = 1.5 · 10−2, w21 = 2.1 · 10−2 and
w22 = 3.2 · 10−2 and the optimal focal parameter were
determined to be walign = 130 µm for the alignment laser
and wprobe = 60 µm for the probe laser. The results are
consistent with the fact that the probe laser was tighter
focused than the alignment laser such that only molecules
exhibiting strong alignment, close to the beam center, are
probed.
The final results of the fitting procedure are shown
in Fig. 2 in the main paper and in Fig. 6. The simu-
lated angular distributions and the moments of the an-
gular distribution are in excellent agreement with the
experiment, in particular all oscillations are correctly
captured, even for the highest-order moments. The ex-
perimental parameters used for the simulations were the
peak intensities for the two alignment pulses of Ialign,1 =
1.92 · 1012 W/cm2 and Ialign,2 = 5.5 · 1012 W/cm2, the
pulse duration of the alignment laser pulses τalign = 255 fs,
the time delay between the two alignment laser pulses
τdelay = 38.1 ps, and the pulse duration of the probe laser
τprobe = 60 fs. Calculations with 21 initial states, i. e.,
J = 0 . . . 5,M = 0 . . . 5, included in the initial rotational
state distribution were originally performed, but conver-
gence was already reached for the 6 lowest-energy states
and the fitting procedure was restricted to using these
6 lowest rotational states, i. e., J = 0 . . . 2,M = 0 . . . 2,
and the focal volume was averaged over 100 intensities in
Ialign = 1 · 109 . . . 5.5 · 1012 W/cm2. In all calculations the
basis for each coherent wavepacket included all rotational
states up to J = 50.
〈cos2 θ2D〉 = 0.64
t = 85.19 psa
〈cos2 θ2D〉 = 0.64
t = 86.15 psb
0 90 180 270 360
Angle (degree)
0.00
0.25
0.50
0.75
1.00
Si
gn
al
(a
rb
.u
.)
〈cos2 θ2D〉 = 0.64
t = 105.12 psc
0 90 180 270 360
Angle (degree)
0.00
0.25
0.50
0.75
1.00
Si
gn
al
(a
rb
.u
.)
〈cos2 θ2D〉 = 0.64
t = 110.92 psd
0 90 180 270 360
Angle (degree)
0.00
0.25
0.50
0.75
1.00
Si
gn
al
(a
rb
.u
.)
0 90 180 270 360
Angle (degree)
0.00
0.25
0.50
0.75
1.00
Si
gn
al
(a
rb
.u
.)
FIG. 7. Four O+ ion momentum probability distributions
recorded at different time delays, displaying very different
angular distributions, but having all the same degree of align-
ment of
〈
cos2θ2D
〉
= 0.64. These distributions were recorded
for delay times of a 85.19 ps, b 86.15 ps, c 105.12 ps, and d
110.92 ps.
ANGULAR DISTRIBUTIONS
As pointed out in the main text, we observed angu-
lar probability distributions showing the very rich time
evolution of the rotational wavepacket created by the
two alignment laser pulses. When characterising the de-
gree of alignment using the commonly used
〈
cos2θ2D
〉
we observed that completely different angular distribu-
tions possess the same degree of alignment, which pointed
out the need for higher order terms in the expansion
of the total angular distribution, e. g., in the basis of
Legendre polynomials, to be able to reconstruct the com-
plete rotational wavepacket. In Fig. 7 we present O+
ion momentum distributions measured at four different
delay times together with their corresponding angular
distributions corroborating this observation. The delay
times were chosen such that all distributions have the
same
〈
cos2θ2D
〉
= 0.64, corresponding to the permanent
alignment level. Although the degree of alignment is
quite low compared to the maximum degree of alignment
achieved, one clearly sees in particular in Fig. 7 b–d that
nevertheless there is a substantial amount of molecules
being strongly aligned. Thus it is clearly not sufficient to
just use the degree of alignment in terms of
〈
cos2θ2D
〉
to
characterise the molecular alignment distribution, but the
knowledge of the whole angular distribution is needed.
Comparison of angular distributions from
experiment and simulations
We show a comparison of angular distributions ex-
tracted from experiment and from the simulated, 2D
projected rotational densities for selected times, starting
after the arrival of the second alignment laser pulse in
Fig. 8. The angular distributions display rich features,
the simplest one being the alignment revival at a delay
time of 120.78 ps. For better visibility the angular distri-
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FIG. 8. Comparison of experimental and simulated angular
distributions for some selected delay times after the second
alignment laser pulse has arrived.
butions have all been scaled up individually to maximise
visibility, except for the alignment revival at 120.78 ps.
ANGULAR RESOLUTION
The angular resolution was defined by the radius of
the Coulomb channel in the VMI image, at which the
angular distribution was extracted, and the number of
pixels needed to distinguish two successive maxima or
minima. The center of the radial Coulomb channel was
at a radius of 46 pixel, which yielded an angle of 1.26 ◦
per pixel, corresponding to a limit for the resolution to
separate two maxima or minima of 4 ◦. In Fig. 9 a, a O+
ion momentum distribution recorded at a delay time of
98.5 ps is shown with lines indicating the angles at which
maxima in the angular distribution appear. In Fig. 9 b
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FIG. 9. Determination of angular resolution. a Part of the
recorded VMI image at a delay time of 98.5 ps is shown with
lines indicating the angles at which maxima in the angular
distribution were observed. b Angular distribution for the
same cutout of the VMI image, shown with the position of the
maxima indicated by vertical lines. The smallest measured
angle between maxima in the angular distribution is 4.5 ◦,
close to the angular resolution of 4 ◦.
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FIG. 10. Observed highest degree of alignment of
〈
cos2θ2D
〉
=
0.955. a O+ ion momentum distribution recorded at the
alignment revival at a delay time of 120.78 ps. The integration
for the calculation of
〈
cos2θ2D
〉
was carried out in the shell
between rmin = 40 and rmax = 64 pixel. b Corresponding
angular distribution with a full opening angle of FWHM =
13.4 ◦
the corresponding angular distribution is shown, where
the maxima are clearly visible and distinguishable.
HIGHEST OBSERVED DEGREE OF
ALIGNMENT
In Fig. 10 a the O+ ion momentum distribution of the
strongest observed field-free alignment is shown. The
image was recorded at a delay time of 120.78 ps, which
is the alignment revival, one rotational period after the
arrival of the second alignment pulse. The degree of
alignment was
〈
cos2θ2D
〉
= 0.96 as stated in the main
text. The value was obtained through integration in the
shell between rmin = 40 and rmax = 64. In Fig. 10 b
the corresponding angular distribution is shown, which
yielded an opening angle of FWHM = 13.4 ◦.
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